The surface modification of minerals by bacteria has recently been examined in an attempt to improve their separation selectivities. In this paper, a study of the effect of Corynebacterium diphtheriae intermedius (CDI) bacteria on the dolomite/apatite separation process is reported. Bacterial interaction with both minerals was investigated employing Fourier-transform infrared (FT-IR) spectroscopy together with measurements of the adsorption isotherm and the zeta potential. FT-IR methods were used to identify the functional groups on the surface of each mineral before and after the adsorption of bacteria, while the adsorption isotherm and the zeta potential were used to illustrate the type of adsorption process involved, i.e. physical versus chemical adsorption. The application of bioflotation processes to natural ores using CDI bacteria can lower the MgO content of the ores to less than 1%.
INTRODUCTION
Beneficiation of low-grade ores using conventional processes represents a big challenge. The specific interactions of microorganisms with minerals can alter the mineral hydrophobicity and affect its interfacial properties, which consequently cause its flocculation or dispersion (Soljenken et al. 1976; Attia and Elzeky 1985; Rao and Sumasundaran 1995; Somasundaran et al. 1998) . Due to the increasing consumption of minerals and the depletion of high-grade ores, the development of either new reagents or efficient techniques to process such ores has become crucial .
The adsorption of bacteria onto minerals can modify their surfaces and enhance their separation selectivities from associated impurities. The results of such modification are very obvious in those processes that depend mainly on the surface properties of minerals, such as flotation, coagulation and flocculation, and can significantly affect their performance (Smith et al. 1991; Anazia and Hanna 1987; Smith and Misra 1993; Dugan 1987; Rao et al. 1991; Solozhenkin and Lyubavina 1980; Sadowski and Golab 1991) .
Due to the success of bacterial attachment in modifying the mineral surface and its corresponding selectivity, several mineral/bacteria systems have been studied to date . For example, the attachment of Thiobacillus ferrooxidans to quartz, pyrites and other sulphides has been studied (Solari et al. 1992) . In addition, Mycobacterium phlei has been employed to achieve selectivity in either the flotation or flocculation of several minerals such as hematite, apatite, dolomite and coal (Zheng et al. 1998 (Zheng et al. , 2001 Smith et al. 1991 Smith et al. , 1994 Misra et al. 1993; Raichur et al. 1996; Raichur and Vijayalakshmi 2003) . The reported selectivity was assigned to the preferential adsorption of bacteria due to their affinity to certain species on the mineral surface. Recently, Bacillus polymyxa was found to grow in the presence of a particular mineral and to secrete a bio-surfactant that generated the separation selectivity (Deo and Natarajan 1997b, 1998 ).
However, a major problem in addressing dolomite/apatite separation processes is the similarity in the surface properties of these minerals. Modification of the surface of either mineral seems to be a promising solution. From the example of the above-mentioned mineral/bacteria systems, it would appear that bacteria can be used as modifiers to change the surface properties of the mineral, to create the required selectivity and consequently increase its separation ability.
In the work described in this paper, the adsorption of Corynebacterium diphtheriae intermedius (CDI) bacteria onto apatite and dolomite minerals was investigated. The interaction of the bacteria with the mineral surface was elucidated using adsorption isotherms, electrokinetic measurements and Fourier-transform infrared (FT-IR) spectroscopy. The latter method was employed to record the interfacial changes through the identification of the functional groups on the surface of each mineral before and after the adsorption process. On the other hand, adsorption isotherm and zeta potential measurements were used to describe the nature of the adsorption process and to determine whether its nature was physical or chemical. Finally, the bioflotation process was tested on a natural ore -obtained from the locality of Abu-Tartur -to show the effect of bacteria on enhancing the conventional flotation performance.
MATERIALS AND METHODS

Minerals
Samples of pure single minerals of apatite and dolomite, as obtained from Wards Natural Science Establishment, Inc., Rochester, NY, U.S.A., were used for studying the surface properties of the mineral-collector/microorganism systems. The chemical analysis results for the pure samples using routine wet chemical analysis techniques are listed in Table 1 . A sample of natural ore (Abu-Tartur apatite ore, New Valley, Egypt) was used as the feed for the flotation tests. Table 2 shows the size distribution of the Abu-Tartur sample. X-Ray diffraction analysis of the ore sample indicated that apatite was the main mineral present, whereas dolomite (or ankerite) represented the main gangue.
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Chemicals
Sodium oleate of 99% purity, as obtained from Aldrich Chemicals, Germany, was used as a collector while A.R. grade NaOH and H 2 SO 4 were used as the pH regulators. All reagents were used without further modification.
Bacteria
Two strains of bacteria were isolated from the surface of the Abu-Tartur apatite ore and then identified at the Microbiology Department, University of Florida, Gainesville, FL, U.S.A. The bacteria were grown in a liquid medium containing 30% mycological agar, 10.0 g/ᐉ sucrose, 1.0 g/ᐉ ammonium nitrate and 700 mᐉ doubly distilled water. The bacteria were incubated at a temperature of 25 °C for two weeks. Bacteria-counting was achieved via turbidity measurements using a Perkin-Elmer Lambda 3B model UV-vis spectrophotometer at a wavelength of 550 nm. At this wavelength, a reading of 0.01 was equivalent to 10 6 cells/mᐉ. For such purposes, 5 mᐉ of bacteria was centrifuged at 15 000 rpm, rinsed three times with doubly distilled water to avoid attachment of secreted extracellular material to the bacterial surface, and thereafter diluted to 100 mᐉ by the addition of doubly distilled water. The final bacterial suspension was stored in a refrigerator and used within 3 d. The turbidity of each strain was measured and the results showed that the Corynebacterium diphtheriae intermedius (CDI) bacterial strain contained 5 × 10 7 cells/mᐉ (Smith et al. 1991; El-Gillani and Abouzeid 1993) . These values were used in calculating the concentration of bacteria in the flotation experiments.
Sample characterization
Wet chemical analysis was conducted using standard methods for apatite analysis (Elmahdy 2004) . The magnesium oxide, calcium oxide and iron oxide contents were determined by atomic absorption methods employing a Perkin-Elmer Analyst-200 model atomic absorption instrument. The phosphorus content was determined spectrophotometrically using a Perkin-Elmer Lambda 3B model UV-vis spectrophotometer (Elmahdy 2004) . 
Adsorption measurements
The adsorption density of bacteria was determined by adding 1 g of a ground mineral of 74 μm particle size to an aqueous sample of bacteria of known initial concentration, with the final volume being made up to 100 mᐉ by the addition of doubly distilled water. The pH of the sample was adjusted to the required level, following which the total contents were shaken for 1 h and the final pH (equilibrium pH) then recorded. The samples were centrifuged at 10 000 rpm for 15 min to separate the settled fraction from the supernatant. The total organic carbon (TOC) content (residual concentration) in 40 mᐉ of the supernatant was determined using a Tekmar-Dohrmann Phoenix 8000 Total Carbon Analyzer. The average of five readings was taken as being a measure for the residual concentration of organic carbon. The amount adsorbed was calculated as the difference between the initial and residual bacteria concentrations.
Fourier-transform infrared (FT-IR) spectra
FT-IR spectra were recorded for the minerals, bacteria and their combination using a Pye-Unicam model SP 1200 infrared spectrometer. Thus, 0.2 g of mineral was first conditioned with bacteria for 30 min at known pH value. The resulting sample was then centrifuged at 15 000 rpm for 15 min and the supernatant separated from the residual solid which was dried at 30 °C. The infrared spectrum of this sample was then determined employing the KBr disk method.
Electrokinetic measurements
A Malvern Instruments Zetasizer 2000 laser zetameter was used for measurements of the zeta potential of the various samples. Thus, 0.1 g of the ground sample of particle size 74 μm was placed in 50 mᐉ of doubly distilled water containing a known bacteria concentration and its ionic strength modified by the addition of 10 -2 M KCl. The pH of the sample was then adjusted to the required value and the sample shaken for 1 h. After shaking, the equilibrium pH value of the sample was recorded and the zeta potential of the mineral particles contained therein measured.
RESULTS AND DISCUSSION
Electrokinetic measurements
The zeta potential is an essential tool for estimating the surface charge of particles and their effects on the attractive/repulsive forces which affect the distances between the particles and, consequently, their dispersion or flocculation. As such, knowledge of the zeta potential is an aid to understanding the interfacial behaviour of mineral particles as well as the interactions at the mineral/bacteria interface. In addition, the location of the isoelectric point (IEP) provides a good indication of the surface characteristics of cells. Thus, some cells consist mainly of glucuronic acids and polysaccharides and exhibit an IEP at a pH of ca. 2.0; however, when the IEP is greater than a pH value of 3, the cell surface is rich in proteins rather than in polysaccharides (Rijnaarts et al. 1995) . For this reason, zeta potential measurements for dolomite, apatite and CDI bacteria, as well as for the two minerals after their treatment with CDI bacteria, were conducted over the pH range 2-12 at an ionic strength of 1 × 10 -2 M KCl. The results obtained are depicted in Figures  1(a) and (b) , respectively.
It will be seen that the zeta potential curves of both apatite and dolomite showed similar trends. Thus, the surface electronegativities of both minerals were close to each other and increased with pH. This close similarity between the surface properties of apatite and dolomite is one of the principal reasons for their difficulty of separation by the froth flotation process (Somasundaran and Zhang 1999; Houot 1982) . No isoelectric point is apparent for either apatite or dolomite in Figure 1 , despite the fact that the materials were of considerable purity as mentioned above. This behaviour may be attributed to the very low solid/liquid ratio (0.02%) employed in the present study (El-Mofty 1989) .
The zeta potential of the CDI bacteria [ Figures 1(a) and (b)] shows that the surface of the bacterial cell was negatively charged due to the presence of carboxyl (-COOH), amino (-NH 2 ) and hydroxy (-OH) functional groups arising from lipopolysaccharides, lipoprotein and bacterial surface proteins. The CDI bacteria also showed limited electronegativity at ca. pH 2, in agreement with the behaviour of other various types of bacteria listed in the literature (Sharma and Hanumantha 2003; Smith et al. 1993) . The zeta potential gradually decreased on increasing the pH from that of a very acidic medium (pH 2.0) to that of a strongly alkaline medium (pH ~12). The IEP for CDI bacteria occurred at pH 2 or lower as a result of the presence of polysaccharideassociated carboxyl groups in the cell walls (James 1991) .
In the case of the apatite-CDI bacteria and dolomite-CDI bacteria systems, the results depicted in Figure 1 show that the surfaces of both minerals were significantly affected by the presence of CDI bacteria. Elmahdy and co-workers (Elmahdy 2004; Elmahdy et al. 2007 ) have shown that the optimum pH for the separation of apatite from dolomite by oleate in the presence of CDI bacteria is 5.5. Although the apatite surface showed no difference in zeta potential before and after treatment at pH 5.5, the presence of CDI bacteria reduced the negative charge on the apatite surface at pH values below 5.5 and increased the surface negativity at pH values above 5.5. However, it is worth mentioning that the effect of CDI bacteria on the apatite surface was almost constant in the alkaline pH range. On the other hand, the presence of CDI bacteria increased the zeta potential of dolomite over all the pH ranges studied. Thus, it is obvious from Figure 1 that the surface of dolomite was charged in a similar fashion to that of the bacterial cells. This behaviour can be attributed to an increase in the charge densities on both minerals and, consequently, to an enhancement in collector adsorption which is responsible for the creation of the separation selectivity. Furthermore, the shift in the isoelectric point (IEP) of minerals towards the IEP of the bacterial cells points to the specific adsorption of the latter onto minerals such as dolomite (Sharma 2001) . It should be noted that the surfaces of both minerals investigated in this study moved to higher zeta potentials after treatment with CDI bacteria (Natarjan and Das 2003; Chandraprabha et al. 2004a Chandraprabha et al. ,b, 2005 Chandraprabha and Natarajan 2006) .
Adsorption isotherms of CDI bacteria-mineral systems
The adsorption of CDI bacteria onto apatite and dolomite (Figure 2 ) was measured at pH 5.5, since this was the best pH for flotation by the oleate collector (Elmahdy et al. 2007) . The adsorption isotherms demonstrate that very small amounts of the bacterial cells were adsorbed onto both minerals, thereby indicating that even low CDI bacteria concentrations can achieve reasonable surface modification. The adsorption density of CDI bacteria onto the apatite surface increased gradually with increasing CDI bacteria concentration. However, the adsorption density of CDI bacteria onto the dolomite surface was always higher than that onto the apatite surface, indicating that such bacteria were adsorbed preferentially onto dolomite. This behaviour indicates that the adsorption of CDI bacteria made the dolomite surface less negative and consequently more suitable than the apatite surface for oleate collector adsorption at pH 5.5 (see Figure 1) . However, this was not the case in practice due to competition and repulsion between the CDI bacteria and oleate collector (both possessed negative charges).
The adsorption isotherms and zeta potential measurements indicate that the adsorbent/adsorbate interactions were chemical in nature. In addition, the zeta potential of the minerals after adsorption of CDI bacteria did not follow the same trend as either the CDI bacteria or the minerals themselves. Figure 3 depicts the band intensities in the FT-IR spectra of CDI bacteria before and after their interaction with apatite and dolomite minerals at pH 5.5. The spectra of the bacteria showed the existence of O-H, C-C, CH 2 , C-O, C-N and C=O functional groups in decreasing order of magnitude. These groups reflect the general organic structure of CDI bacteria (Brock et al. 1995) . The FT-IR data also show that the intensities of the adsorption bands diminished substantially after the adsorption of CDI bacteria onto the apatite surface. It is obvious that the presence of CDI bacteria on apatite not only altered the nature of the mineral surface but also caused a chemical change in the bacterial functional groups. Thus, the disappearance and/or decrease in the band intensities could be attributed to chemical interaction between the bacteria and the apatite surface. In addition, a large reduction in the O-H group intensity after adsorption onto the apatite surface indicates that the some of the CDI bacteria-mineral interaction was physical, probably due to the formation of hydrogen bonds. Electrostatic, bridging, van der Waals and long-range hydrophobic forces (because of the hydrophobic nature of the bacterial walls) could all assist in bacterial cell attachment to solid surfaces (Van Loosdrecht et al. 1987a,b; Yoon 1999; Blake et al. 1994; Deo et al. 2001; Poortinga et al. 2002) .
Fourier-transform infrared (FT-IR) spectroscopy
Enhancement of the Separation Selectivity of Dolomite and Apatite by Bacterial Adsorption
In contrast, the dolomite sample showed an increase in the corresponding FT-IR spectral intensities after adsorption of the CDI bacteria. This behaviour may be related to the presence of free multivalent ions in the associated aqueous solution, such as Ca 2+ and Mg 2+ , that bind preferentially to the lipopolysaccharide (LPS) on the bacterial surface (Beveridge et al. 1982) . It is also worth mentioning that the presence of such ions can play an important role in activating the dolomite surface through enhancing its electronegativity. In addition, these ions increase the secretion of extracellular polymeric substances (EPS) upon bacterial attachment to the mineral surface; such substances stabilize bacterial colonization and lead to the formation of bio-films or bio-envelopes on the solid surface (Dugan 1987) . Furthermore, EPS can chemically bond to the surface and promote interfacial chemical reactions. The higher affinity of CDI bacteria to dolomite can also be attributed to the presence of Mg 2+ ions as adsorption sites on the dolomite surface. Thus, a lower collector adsorption would be expected on dolomite in the presence of a bacterial film (Sharma and Hanumantha 1999) . This difference in the effect of CDI bacteria on both minerals explains the difference in the flotation selectivity.
Suggested adsorption mechanism
Based on the above findings, a combination of chemical and physical adsorption may be proposed as a tentative mechanism for the bacteria-mineral attachment process. Thus, CDI bacteria can help in bio-modification of the mineral surface by covering some of the "harmful" sites, both in terms of their consumption of collector and in generating non-selectivity.
On the other hand, the bio-modified surface could help in decreasing the high solubility of Ca
2+
and Mg 2+ ions in the acidic medium (pH 5.5) employed, thereby maintaining a suitable concentration of these ions and hence decreasing the possibility of surface transformation leading to non-selectivity of collector adsorption.
CDI bacteria exhibited a higher affinity towards the dolomite surface -possibly due to the presence of Mg 2+ ions -as is clear from the adsorption isotherm and zeta potential measurements. These showed that dolomite behaved in a similar fashion to the bacterial cells, thereby allowing complete coating and transformation of the dolomite surface to a substantially bacterial cell-coated surface. Under these circumstances, the adsorption of collector would be expected to occur through the hydrocarbon tails, with the polar heads being orientated away from the surface leading to the repulsion between the dolomite particles.
In ore flotation in the presence of apatite, adjustment of the pH of the system to 5.5 leads to the attraction of an appreciable number of the Ca 2+ and Mg 2+ ions in solution to the mineral particles, where they activate the surface and aid in the flotation performance. On the other hand, the presence of Ca 2+ and Mg 2+ ions plays an important role in flotation at pH 5.5. Under these circumstances, the apatite surface exhibits a greater electronegativity than the dolomite surface.
However, in the absence of sodium oleate, CDI bacteria have a greater adsorption affinity towards dolomite rather than apatite. In the presence of sodium oleate, CDI bacteria show an even greater selectivity towards the dolomite surface, as demonstrated by the larger difference in the adsorption density (for all functional groups) on the dolomite surface rather than the apatite surface when both CDI bacteria and sodium oleate are present in the system (Elmahdy 2009 ). Elmahdy et al. (2009) have shown that CDI bacteria, in the presence of sodium oleate as a collector, can effectively improve the selectivity of apatite/dolomite separation, thereby reducing the MgO content of the concentrate to less than 1%. Figure 4 overleaf shows the effect of CDI bacteria on the % MgO content in the flotation concentrate at 1.5 kg/tonne collector dosage. It will be observed from the figure that the lower % MgO content occurred at the higher CDI bacterial concentration. This behaviour may be attributed to the collector-bacteria interaction, with adsorption onto the dolomite surface being higher as the CDI bacterial concentration increased. On the other hand, the adsorption of Ca 2+ and Mg 2+ ions onto the apatite surface at the pH value studied led to their behaviour as activators in the presence of the collector. Consequently, the increased activity of the apatite surface towards collector adsorption relative to dolomite leads to its improved flotation performance.
Implications of CDI bacteria adsorption on apatite flotation behaviour
CONCLUSIONS
The interaction of CDI bacteria with apatite and dolomite, as a means of enhancing their separation selectivity, was investigated via adsorption isotherm, zeta potential and FT-IR spectral studies. The results indicated that CDI bacteria were adsorbed preferentially onto dolomite, with the adsorption mechanism involving a combination of chemical and physical interactions between the mineral surface and the CDI bacteria. Zeta potential, adsorption isotherm and FT-IR studies confirmed the chemical nature of the interaction process, whereas pH and adsorption isotherm studies showed the involvement of physical interactions as well.
A tentative mechanism advanced suggested that bio-modification of the apatite surface leads to the coverage of some of the adsorption sites that cause the collector to be non-selective. Moreover, the adsorption of CDI bacteria reduced the solubility of salts arising from associated impurities which had a detrimental effect on the separation results. Preferential adsorption onto the dolomite surface led to a significant enhancement in the selectivity of the bioflotation process. The results obtained indicated that the application of bacteria to natural ore lowered the MgO content to less than 1%. 
